Transient global and transient focal ischemia induced the 72 kDa heat shock protein (hsp72) in neurons in cortex, striatum, and other regions known to be injured during transient ischemia. A novel finding was the induc tion of hsp72 in islands (cylinders in three dimensions) of cells composed of astrocytes around the perimeter and neurons in the interior. Since histology showed pale stain ing in these regions, it is proposed that these islands rep-
induced the 72 kDa heat shock protein (hsp72) in neurons in cortex, striatum, and other regions known to be injured during transient ischemia. A novel finding was the induc tion of hsp72 in islands (cylinders in three dimensions) of cells composed of astrocytes around the perimeter and neurons in the interior. Since histology showed pale stain ing in these regions, it is proposed that these islands rep-Protein synthesis decreases during cerebral isch emia (Kleihues and Hossmann, 1971 ; Kleihues et aI., 1975; Dienel et aI., 1980 Dienel et aI., , 1985 Takahashi et aI., 1984; Nowak et aI., 1985; Kiessling et aI., 1986; Dwyer et al., 1987) . Whereas the decrease appears to be temporary in reversible ischemia, prolonged failure of protein synthesis occurs in regions and cells destined to die (Bodsch et aI., 1985; Thilmann et al., 1986) . However, the synthesis of one general class of proteins, called the heat shock proteins, appears to increase during ischemia (Nowak, 1985; Dienel et aI., 1986; Jacewicz et aI., 1986; Nowak et aI., 1987 Nowak et aI., , 1990 Vass et aI., 1988; Dwyer et aI., 1989; Gonzalez et aI., 1989 Gonzalez et aI., . 1991 Ferriero et aI.. 1990) .
Heat shock proteins (hsp's) are a family of pro teins that perform many functions. They are in duced by a variety of stresses and injuries that denature proteins (Schlesinger et al., 1982; Craig, resent areas of focal infarction in the distribution of small cortical and lenticulostriate arteries. Although the factors responsible for hsp72 induction during ischemia and in farction are unknown, these results suggest differences in mechanisms of hsp72 induction in astrocytes compared to neurons. Key Words: Heat shock proteins-Cerebral ischemia-Astrocytes-Neurons-Stress proteins-Pro tein synthesis in ischemia. Anathan et aI.. 1986; Pelham, 1986; Lindquist, 1986; Brown et aI., 1989) . They chaper one protein movements across membranes and per form important protein-protein interactions in nor mal and stressed cells (Chappell et aI., 1986; Ellis, 1987; Chirico et aI., 1988; Cheng et aI., 1989; Chiang et aI., 1989; Deshaies et aI., 1989; Beckmann et aI., 1990) . Once hsp's are induced, they may prevent proteins from assuming abnormal tertiary struc tures or being denatured (Pelham, 1986) , and pro tect cells from subsequent injury (Schlesinger et aI., 1982; Johnston and Kucey, 1988; Riabowol et aI., 1988) . For example, induction of hsp's by heating animals (a) correlates with protection of the retina from light -induced injury (Barbe et aI., 1988) and (b) correlates with protection of neurons from damage produced by global ischemia (Chopp et aI., 1989) .
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In the brain, ischemia induces several hsp's (Di enel et aI., 1985 (Di enel et aI., , 1986 Nowak, 1985; Nowak et aI., 1985) . The inducible hsp72 protein is not present in normal rat brain, (Lowenstein et aI., 1990) and is expressed primarily in neurons of the hippocampus, cortex, striatum, and other regions in the gerbil transient global ischemia model (Vass et aI., 1988) and rat transient global ischemia model (Gonzalez et aI., 1991) . Transient focal ischemia (Gonzalez et aI., 1989; Ferriero et aI., 1990) and kainic acid (Uney et aI., 1988; Gonzalez et aI., 1989; Vass et aI., 1989 ) also induce hsp72 primarily in neurons. Here we report that hsp72 can also be induced in astrocytes in rat global and focal ischemia models at the margins of infarctions.
MATERIALS AND METHODS
Global forebrain ischemia was produced in ten 300-400 g rats using a method similar to that of Smith et al. (1984) . Rats were anesthetized with halothane and nitrous oxide. After clamping one or both carotid arteries, sys temic blood pressure was lowered to 50 mm Hg by with drawing blood from a femoral arterial catheter and infus ing Arfonad (Sigma, St. Louis, MO, U.S.A.). EEG iso electricity was maintained for 5 min. Global ischemia was reversed by removing the carotid clamps, stopping Ar fonad, and reinfusing the subject's blood. Four control rats were subjected to the same surgery but not rendered ischemic.
Focal ischemia was produced using the method of Zea Longa et al. (1989) in six adult male rats. Subjects were anesthetized with metafane and xylazine (20 mg/kg). The right common carotid was exposed and the external ca rotid and its branches and pterygopalatine arteries were coagulated and ligated. A 4-0 monofilament suture, blunted at the tip, was threaded into the external carotid stump and up into the internal carotid for 17-18 mm until resistance was met. This partial occlusion of the proximal middle cerebral artery (MCA) was maintained for I h, after which the suture was removed and the external ca rotid stump was coagulated and the wound closed. Four control subjects underwent surgery but did not have the suture inserted.
Following a 24-h survival in their home cages with food and water available ad libitum, all subjects were reanes thetized with ketamine (80 mg/kg) and xylazine (20 mg/kg) and perfused with 4% paraformaldehyde. Their brains were removed, postfixed for 4 h, and sectioned (50 ,.., m) on a vibratome. The sections were reacted for the induc ible hsp72 using a monoclonal antibody (sold by Amer-,sham, Arlington Heights, IL, U.S.A.) developed and characterized by Welch and Suhan (1986) that reacts with one major protein (presumptive hsp72) and either a break down product or another minor protein on Western blots (Vass et aI., 1988) .
Immunocytochemistry was performed using the avi din-biotin/horseradish peroxidase technique (Elite Vectastain, Burlingame, CA, U.S.A.). Briefly, sections were placed in phosphate buffer (PB, 0.1 M. pH 7.4) con taining 2% horse serum (HS), 0.2% Triton X 100, and 0.1 % bovine serum albumin (BSA) (PB-HS) for 2 h at room temperature. This was followed by a 48 h incuba tion at SOC in the hsp72 monoclonal antibody (Amersham) diluted 1:2,000 in PB-HS. They were washed in PB sev eral times and incubated in biotinylated horse anti-mouse second antibody 1 :50-1 :5,000 for 2-3 h. Sections were then placed in an avidin-horseradish peroxidase solution for 3 h, and reacted in 15 mg of diaminobenzidine (DAB) (Sigma) dissolved in 100 ml of PB to which 0.001% hy drogen peroxide was added a drop at a time. Sections were then washed and counter stained with either cresyl Echt violet or hematoxylin and eosin. Control sections J Cereb Blood Flow Metab, Vol. 11, No.4, 1991 were prepared by performing immunocytochemistry ex cept that primary antibody was deleted.
RESULTS
hsp72-like immunoreactivity (hsp72LI) was not detected in any neurons or astrocytes in the brains of the eight control subjects. Moreover, no hsp72LI staining was observed in subjects in which the horse anti-mouse second antibody was preabsorbed with rat serum. Some staining, confined mostly to neu ronal cell bodies in the centers of infarctions, was observed when second antibody was not preab sorbed with rat serum. As noted previously by Vass et al. (1989) , some injured neurons appear to take up immunoglobulins (and other proteins), and prob ably because of cross-reactivity of rodent immuno globulins, incubation with anti-mouse second antisera (which have not been preabsorbed) can produce nonspecific cellular staining of immuno globulins in injured neurons and other cells. This nonspecific effect generally produced staining of cell bodies. An additional artefact was a light, dif fuse brown staining in infarcted regions that was present when the first antibody was deleted from the protocol. The brown staining was decreased by pretreating sections with 0.00 I % hydrogen perox ide, suggesting that endogenous peroxidase activity had increased following infarction (Gonzalez et aI., 1989) .
Specific hsp72LI was induced in the brains of all ten globally ischemic subjects and all six focally ischemic subjects. During systemic hypotension with both carotids occluded, hsp72LI was induced only in neurons in many regions: in cortical neurons in the MCA distribution primarily in layers 2, 3, 5, and 6 of the neocortex; diffusely in medium-sized striatal neurons; in pyramidal neurons in CA3 and to some extent in pyramidal neurons in CAl of the hippocampus; in dentate granule cell neurons; in thalamic reticular nucleus neurons; and in large dor sal septal neurons. Cresyl violet and hematoxylin and eosin stains showed no evidence of regional infarction in regions where hsp72 was only induced in neurons, but instead showed shrunken and pyk notic neurons typical of neuronal cell death, A sim ilar pattern of hsp72 induction has been described in the gerbil global ischemia model (Vass et aI., 1988) .
However, on many occasions (8/10 rats) follow ing systemic hypotension combined with carotid oc clusion, hsp72LI was induced in islands of many millimeters ( Figs. IB and 2A,B) across. These islands occurred in deep ( Fig. 2A,B) as well as superficial (Fig. 2C,D) portions of the cortex and could involve any portion of striatum ( Figs. 2A,B ).
Nissl and hematoxylin and eosin histology showed pale staining in the hsp72 islands of cells that ap peared to be characteristic of focal infarctions.
The perimeters of all of the islands were com- F) . The "islands" continued through many succes sive sections so that they formed "cylinders" in three dimensions. Cresyl violet and hematoxylin and eosin stains showed that the cylinders were in-farctions, manifested by pale staining anri pyknotic neurons, and that the induction of hsp72LI in astro cytes occurred at the borders of the infarctions. Although the histological identification of the glia-like cells in which hsp72 was induced by infarc tion was not proven in these studies, the glia are almost certainly astrocytes. The cells were associ ated with blood vessels (Fig. 1 H) and not with white matter bundles, and had processes characteristic of astrocytes seen with glial fibrillary acidic protein staining (Figs. IH and 2G) . Vass et al. (1988) found that temporary bilateral carotid occlusion in adult gerbils induced hsp72 bi laterally in neurons in the neocortex, entorhinal cortex, striatum, hippocampus, dentate gyrus, and other regions. Our work confirmed induction in hip pocampal (Gonzalez et aI., 1991) and cortical (Gonzalez et aI., 1989) neurons using transient rat global and focal ischemia models, respectively. Fer riero et al. (1990) also found that hsp72 was induced primarily in neurons in a transient neonatal rat isch emia/hypoxia model. The degrees of ischemia used in these models would be expected to produce neu ronal death without evidence of cerebral infarction.
DISCUSSION
The present results demonstrate glial as well neu ronal induction of hsp72 in islands of cortical and striatal cells following global and focal ischemia that results in infarction. In their model of global isch emia, Smith et al. (1984) noted circumscribed areas of dense neuronal necrosis in cortex and striatum that they attributed to damage in the distribution of arteries and possibly veins. Our data confirm small focal infarctions using the Smith et al. (1984) global ischemia model and the Zea Longa et al. (1989) fo cal ischemia model. Moreover, our data show that the islands (cylinders in three dimensions) of hsp72 cells in the neocortex and striatum observed in this study occur in infarctions-presumably in the dis tribution of one or several small blood vessels. These infarctions likely occurred because of poor reflow through these vessels following restoration of blood pressure in the global ischemia model and following restoration of flow following removal of the suture in the focal ischemia model.
Induction of hsp's in glia has been previously de scribed in white matter of heated rats (Sprang and Brown, 1987; Manzerra and Brown, 1990; Nowak et aI., 1990) . Nishimura et al. (1988 Nishimura et al. ( , 1989 also showed that hsp's were induced in cultured astro cytes following heating and exposure to low pH. Marini et al. (1990) showed that heat induced hsp72 in cerebellar astrocytes but not cerebellar granule cell neurons in vitro, whereas heat induced hsp72 in both cerebellar cell types in vivo. The present study shows that infarction induces hsp72 in cortical as trocytes and neurons in vivo. Although the precise mechanism of hsp induction is still unclear, it is believed that denatured proteins somehow "acti vate" a heat shock factor (a pwtein) that binds to heat shock elements on the DN A that then induce heat shock genes (Anathan et aI., 1986; Wu et aI., 1987; Zimarino et aI., 1990) . Any process that de natures proteins or leads to production of proteins with abnormal tertiary structures might induce hsp's (Anathan et aI., 1986; Pelham, 1986) . It is im portant to point out that hsp72 is induced in only a fraction of the neurons even in the core of an in farction, making the mechanism of induction in some but not all neurons uncertain.
The mechanism by which hsp72LI is induced in a rim of astrocytes surrounding an ischemic vessel is also difficult to explain. Presumably, intracellular pH would be low and intracellular calcium would be high in all glia and neurons in the center and in the periphery of acute infarctions. Increased calcium and decreased pH could both denature intracellular proteins and could explain the hsp72 induction in an island of neurons surrounding a vessel. What then explains hsp72 induction in glia at the periphery of infarctions? It is possible that certain concentra tions or durations of the hsp-inducing factors are required for glial hsp72 induction, and that this only occurs at the outer borders (penumbra) of ischemic blood vessels. It is also possible that different fac tors denature proteins and induce hsp72 in glia and neurons, and that the glial-inducing factor(s) are only present in the penumbra of infarcted vessels. It is notable that increases in 2-deoxyglucose uptake occur at the margins of chronic MCA infarctions that may be due to release of excitatory amino ac ids, increased lactate production, or some other metabolic abnormality present in the penumbra but not in the core of the infarction (Shiraishi et aI., 1989) .
Whatever the mechanism of hsp72 induction in astrocytes at the margins of infarctions, it is tempt ing to speculate that the glia at the periphery of these islands could have a functional role in isolat ing normal brain from the abnormal ionic, pH, and excitatory amino acid gradients in infarcted brain. Moreover, since transfer of hsp's from glia to neu ronal axons has been noted (Tytell et aI., 1986) , it is possible that there is some interaction between in farcted neurons and glia in the penumbra. Lastly, hsp72 induction in astrocytes at the margins of in farctions might provide a biochemical marker for defining the edges of infarctions that could be used to quantitate infarction volumes rather than using differences in histological staining intensity (Swan son et ai., 1990) .
